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DISCUSSION 

In  most  concrete  turbine  engine  test  cells  water  is  injected 
through  nozzles  in  the  exhaust  gas  receiving  tubes  to  cool  the  exhaust 
gases  below  concrete  damaging  temperatures.  Generally,  water  injection 
is  required  only  at  high  engine  power  settings  because  there  is  not 
enough  heat  at  low  power  to  cause  damage.  Water  injection  also  provides 
some  noise  reduction  and,  under  typical  operating  conditions,  removes 
some  particulate  matter  and  other  pollutants  from  the  exhaust  gases  by 
entraining  or  absorbing  them  in  water  droplets.  The  droplets,  oecause 
of  their  relatively  large  size  collect  on  internal  exhaust  passage 
surfaces  by  impaction  or  settling  and  pass  out  through  the  drains. 


Increasing  the  water  addition  rate  water  generally  enhances  particle 
removal  by  providing  more  droplets  as  collectors.  The  mechanisms  for 
particle  collection  are  much  the  same  as  those  operating  in  conventional 
venturi  scrubbers.  Most  particles  are  collected  as  they  collide  with 
droplets  entering  the  air  stream  from  nozzles  at  right  angles  to  gas 
flow.  At  very  low  water  flow  rates,  nearly  all  the  injected  water  is 
evaporated  and  no  particle-droplet  impaction  takes  place.  Any  collection 
that  does  occur  is  quickly  negated  because  the  droplets  evaporate  and 
the  remaining  particles  are  carried  away  in  the  exhaust  gas.  As  water 
flow  increases,  and  more  and  more  heat  is  absorbed  by  the  evaporation  of 
water,  more  and  more  liquid  water  remains  in  the  gas  stream,  and  collection 
increases. 

The  larger  water  droplets  in  the  gas  stream  collect  on  test  cell 
surfaces  as  a result  of  collisions  or  settling  under  gravitational 
forces.  The  collected  water  containing  the  captured  particles  flows  down 
the  walls  and  exits  the  cell  through  the  floor  drains.  There  is  an 
optimum  water  flow  rate  for  any  nozzle  design  which  creates  the  best 
water  spray  distribution  across  the  exhaust  stream  and,  therefore,  most 
effectively  "sweeps"  particles  from  it.  When  the  water  flow  is  above 
this  optimum,  collection  efficiency  may  be  reduced  for  a variety  of 
practical  reasons  greatly  dependent  upon  the  system  design.  For  example, 
small  droplets  produced  by  high  velocity  jets  cannot,  penetrate  the 
exhaust  stream  to  sweep  the  middle  portion.  Some  nozzles,  because  of 
their  design,  may  emit  coherent,  high  velocity  jets  which  completely 
traverse  the  stream  and  hence  arc  ineffective  particle  collectors. 

Whatever  the  mechanism  involved  in  a particular  design,  it  is  generally 
recognized  that  increasing  the  water  flow  rate  increases  collection 
efficiency  only  to  an  optimum  point  after  which  further  water  flow 
increases  decrease  efficiency. 

Additional  mechanisms  that  contribute  to  the  removal  of  particulate 
matter  by  water  droplets  are  diffusion  and  nucleation.  Under  diffusion 
small  particles,  less  than  approximately  0.05  pm  diameter,  exhibiting 
random  Brownian  motion  collide  with  droplets  and  are  therefore  captured. 

If  more  droplets  are  present  due  to  the  addition  of  more  water,  the 
probability  of  collisions  with  droplets,  and  hence  collection,  increases. 


The  smaller  droplets  resulting  from  a high  velocity  spray  (higher  flow 
rates)  present  a larger  total  surface  area  for  Brownian  collisions  and, 
i hence,  enhance  collection.  Because  particles  smaller  than  0.05  pm 

diameter  contribute  little  to  obscuration  of  visible  light  and  probably 
comprise  less  than  25  percent  of  the  mass  of  the  emissions  from  the  test 
cell,  diffusion  collection  is  of  little  consequence  in  the  case  of  test 
cell  particulate  emission  reduction. 

Particle  collection  by  nucleation  occurs  when  a stream  containing 
suspended  particles  is  supersaturated  with  water  vapor.  This  super- 
saturation usually  results  from  stream  cooling  or  increases  in  pressure. 

In  the  case  of  test  cell  water  injection,  the  water  added  vaporizes 
, until  saturation  occurs.  Adding  additional  water  reduces  the  stream 

temperature  and  super saturation  results.  The  excess  water  in  the  super- 
saturated gas  stream  condenses  on  all  available  surfaces  including  those 
of  suspended  particles.  Some  of  the  resulting  particle  containing 
droplets  collide  with  test  cell  surfaces  and  are  therefore  removed  from 
the  gas  stream.  Like  diffusion,  the  efficiency  of  this  mechanism  is 
enhanced  by  the  addition  of  more  water  since  this  leads  to  further 
cooling  of  the  air  stream  and  additional  condensation.  Venturi  scrubbers 
employ  this  mechanism,  ^ut  even  in  their  case  with  designs  optimized  to 
take  advantage  of  it,  it  is  secondary  to  impaction  in  importance.  In 
addition,  test  cells  use  a small  fraction  of  the  water  required  for 
• effective  venturi  scrubbing.  In  short,  nucleation  is  not  likely  to  play 

a significant  role  in  particle  collection  by  water  injection  in  test 
cells;  however,  any  role  it  does  play  is  enhanced  by  addition  of  more 
j water. 

CONCLUSION 

In  summary,  inertial  impaction  is  the  dominant  particle  collection 
mechanism  operating  to  remove  soot  particles  from  turbine  engine  test 
cell  exhaust  when  water  is  injected  into  the  exhaust  stream.  Diffusion 
and  nucleation  mechanisms  also  contribute  to  particle  collection.  All 
three  mechanisms  generally  increase  in  effectiveness  as  more  water  is 
added.  For  impaction,  however,  a practical  limit  is  reached  beyond 
which  adding  more  water  causes  decreased  effectiveness.  The  point  at 
which  this  limit  is  reached  is  a strong  function  of  the  water  injection 
| nozzle  design. 

TEST  CELL  EMISSION  MEASUREMENTS  IN 
LIGHT  OF  COLLECTION  MECHANISMS 

Emission  measurements  at  the  exhaust  of  a test  cell  should  demonstrate 
the  effectiveness  of  water  injection  in  removal  of  emitted  particulate 
matter.  Known  information  on  the  size  distribution  of  the  emitted 
particles  indicates  that  a removal  efficiency  of  up  to  about  25  percent 
may  occur.  Because  the  water  injection  nozzles  and  other  system  components 
i _ of  existing  test  cells  arc  not  designed  for  emission  control,  the  optimum 

i water  flow  rate  is  unpredictable.  For  the  same  reason,  results  of  the 

tests  may  not  be  indicative  of  the  maximum  degree  of  control  that  could 
be  obtained  from  a system  of  this  type. 
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The  measurement  problem  itself  is  especially  difficult  because  of 
the  large  size  of  the  stack,  the  presence  of  a large  amount  of  liquid 
water  in  the  exhaust,  difficulty  in  separation  of  the  particulate  matter 
contributed  by  the  water  from  that  contributed  by  the  engine,  inability 
to  sample  at  a position  where  the  teat  cell  exhaust  air  flow  is  stable, 
and  the  relatively  low  concentration  and  small  amount  of  particulate 
matter  emitted.  For  these  reasons,  even  through  the  injection  of  water 
into  the  test  cell  exhaust  is  certain  to  remove  some  particulate  matter 
and  other  pollutants  from  the  exhaust,  test  results  verifying  this 
removal  are  likely  to  be  difficult  to  obtain. 
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